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I1. Significant Results.

1. Asymmetric Reduction of the Carbonyl Group with Chiral

Alkoxyborohydrides.
We have extended our synthesis of potassium dialkoxyborohydrides, K+IRB(OR') 21- ,

conveniently prepared by the addition of excess potassium hydride to boronic esters, (eq 1)

F 1RB 2) 2  + Kll (excess) K+ RII (!)
(~2225PC- 0- )

to include the new chiral reducing reagent, Potassium 9-O-(l,2:5,6-di-O-isopropylidene-a-D

glucofuranose)-9-boratabicyclol 3.3.1 Inonane, K-9-O-DIPGF-9-B BNI 1, K-Glucoride. (eq 2).

(C\

A-- I9-1" crG (2)

4 0

K 9-0-oiPcr-9-R rtf

This stable easily prepared borohydride has been found to reduce cyclic and bicyclic
ketones with a high degree of stereoselectivity. More importantly, K-Glucoride also reduces a
variety of prostereogenic carbonyl compounds to the corresponding chiral alcohols in high ee.
Thus aralkylketones are obtained with ee's approaching I(X)% (Table 1).

hI
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Table I. Aralkyl Ketones Reduced with K-9-O-DIPGF--B3NII at -78°C

190 ,I 90 II0 , II

I I I
79% cc, R 92% ec, R W's cc. R

-SI110 II Ito If

85see, R 7% Icc. R

lO0 e cc. R 91 "" cc. R

The reduction of pivalophenone with K-Glucoride has given one of the highest values

obtained by any chiral borohydride reagent (eq 3).
0 oil

TttF J1+  _ -

K-Glucoride + PhC so -. Ph (3)

7 -I (X)% ee

Hindered aliphatic ketones are also reduced to the aliphatic alcohols with high transfer of

stereogenicity - amongst the highest reported in the literature for this kind of reagent (Table 2).

.
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Table2. Aliphatic Ketones Reduced with K-9-('-DIPGF--BBNIl in THF at -78
0C

II oil II o

27% cc, R 36% cc, R 70% R

I Oil If o,, of Oil

12% cc. R 04% c. c R 6 1,% e, R

However, of particular significance is the reduction of a-keto esters which are reduced with very

high enantiomeric excess, providing a wide range of chiral at-hydroxyesters in (Table 3).

Table 3. a-Keto Esters Reduced with K-9-o-DIPGF-9-BBNII ii TIIF at -78'C

il,. tield Ablolte
j-k sth) estI.o fl t iillou

kt.hyl Pyf uvale 8i i 6

Ithyl 2-oxobulan- 80 92

t!hyl )-oXroenlan- l 94 
Oit

Methyl 3-methyl- # 13 98 S

2-oxobutafnoate
tihyl 3-methyl- A As 97 S

* ~t.oxobuhanonte
Methyl 3.1-dimethyl- tO ll 97 .5

2-oxobuthnoate 19
ethyl ,3J-dlmeihyl- 10 37 93 .

2.oxobutanoaie
ethyl 4-methyl-2-oxo- 6 13 91 S

pettanoste
Methyl benroylfoomnie tO 85 92 S
ethyl benfoylfo rmale 10 s0 94 S
lopfopyl b nuryllormale 10 0l 93 S

ethyl 0oxo- t.naphihs- 10 7i 96 S
ItelcetmiE

The alcohols are consistantly obtained with the same absolute configuration, making this reagent

especially appealing for the preparation of compounds in which absolute stereochemistry is

predictably incorporated. In related work we also prepared, in a manner similar to the preparation

of K-Glucoride a series of new optically active monoalkoxyborohydrides with the chiral director

centered on the ester moiety. The efficiency of these compounds to transfer stereogenicity in the

reduction of two representative ketones, acetophenone and isopropyl methyl ketone was explored.

The results are summarized in Table 4.

W, .. . . ..
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Table 4.

chiral borohydrides acetophenone 2-methyl-3-butanone

% ee, abs. config. % ee, abs..config.

S "47(S) 61 (S)

12(S) 40 (R)

34 (R) 28 (S)

[&] o26 (R) 37 (R)

4 /

3 (R) 14(R)

We next investigated the effect on optical induction in the reduction of ketones with chiral

dialkoxyborohydrides in which the chiral director is centered primarily on the ester moiety (Table

5).

NiW

i

p.
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Table 5.

chiral borohydrides acetophenone 2-thethyl-3-butanone

% ee, abs. config. % ee, abs. config.

K 66 [,RJ 44 [n)

K-ThxBD-BH

II 14i is (it)

We then selected the best reagent in this series and compared it to K-(ucoride in the reduction of

two representative ketones (Table 6).

p

01

.5'
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Table6. Comparison of Chiral Reduction with K-Glucoride and K-ThxBD-BH

0F
reagent/ketone CI -

K-Glucoride 361 (111 I ee [,j ln e (nj 710 ee tnJ 11% ee [sj

K-ThxBD-BH 441 ep tIn 0.3% ee [nI 74! ee [nj ,;2 ee D?] 16! ce I:J

-~ 0

K-Glucoride 6 " ,4-Pehrtlon 61% ee [nr

K-ThxBD-BII 7 [' 15! reRI 71% re (rj 35! Pe t!]

Finally we developed a series of chiral trialkylhorohydrides and chiral

dialkylmonoalkoxyborohydrides based on readily available monoterpene chiral #uxi 1 laries, and

tested these reagents in the asymmetric reduction of two standard ketones: acetophenone and

isopropyl methyl ketone. The results are summarized below.

O'

L5',

p

4.,

,
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3

5 R 4
is $ 32 R
7 32 S

S 56 $S 32 2 62
_ _ _ _ _ _ _ _ _ __S_ _ _ _ _ _ _ _ 6 9 - -, :__,_

These results indicate that in general the chiral dialkyliiiorioalkoxyborohydrides
give superior results. In particular, reagent 6 reduces 3-miethyl-2-butanone in
69% ee.

q.

p

.',
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2. Asymmetric Reductions of the Carbonyl group with Chiral
Dialkylchloroboranes.

Various chiral trigonal boranes have been developed for the asymmetric reduction of the

carbonyl group. However, in most cases the rates of reduction are slow and the

enantioselectivities highly variable. In the course of our studies centered on developing new chiral
reducing reagents we discovered that chiral dialkylhaloboranes, R* 2Bx, (in particular

chloroboranes), greatly increase the rates of reduction of the carboxyl group, presumably due to

increased Lewis acidity of the boron atom and therefore, increased complexation (generally

assumed to proceed the transition state), while at the same time maintaining high levels of

stereogenicity transfer. In particular we have discovered that diisopinocampheylchloroborane,

Ipc2BCl, is an excellent chiral reducing reagent for a number of carbonyl functionalities.

.--.)2 BCI

d lpc2BC I

The symbol "d" indicates that the reagent is derived from (+)-a-pinene.

Ipc2BCI is readily available from either (+)- or (-)-x-pinene by hydroboration with BH 3.L

followed by treatment of Jpc2BII with IlCI (eqn 4).

+ B H 3  ~ 1 1 ~ J 2 B 1 I) 2 B C I(4
+ Bt13  __ .+ 1124 (4)

92% ee -I0W% ee - 10% ee

In the process of preparing Ipc2BCI the product is optically upgraded from 92% ee to - 100% ce

(eq 4).

lpc2BCI reduces prostereogenic aralkylketones in high enantiotneric excess. The results are

summarized in Table 7.
O
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Table 7. Aralkyl Ketones Reduced with dlpc2BCI in Till at -25*C

kelone 'to ke Cohllufrso
Acetophenone 98 S
i' .Ackloniphltonj 98 S
J-Acdybyrlldin 92 t
I-Aceiylhhlopheni 91 S
Indanone 97 S
Proplophenone 98 5
fl1lyrophenone 98 S
hobntlytophenon6 78 S
Phinyl f-butyl koiohe' 79 A
'Iekdn.a, c,,,IeJ 089 UI '.

In addition to high ee's, the alcohols are obtained consistantly with known absolute configuration,
S, from dIPC2 BCI. We have also discovered that xt,a-dialkylketones can also be asymmetrically
reduced with almost complete transfer of stereogenicity (Tfable 8).

Tabl-e 8. Asymetric Reduction of Hindered Aliphatic Ketones with dIpc2BCl

at 250C

Relone % Ce eKelte % cc

95(S) 91 (S)

0

CO 2EI 82 (S) 9. .

0

I

* 96%' ce for teaclhion ni -25'":.

"fl,'sed on anailogly wirh teduclii id spi, (i. tl,.. -t.

N8
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Mote recently we have investigated the reduction of halonralkylketones with lpc2B3l. The results
were equally satisfying (Table 9).

Iable~ Asynnetric Reductions of Haloaralkylketones with dIpc OCI in TlIF at -250C

haloalcohol product
:ycllzed product

% eea abs. config. % ee

2-chioroacetophenone 96 1?96

2-bronioacetoplienone 86 b 86

2-iodoacetophienone 67 b 67

V-bronoacetoplienone 99

4 '-brornoacetophenone 97 (.01

3-cliloroproplophenone 97 (Sr

4-chioropropiophenone 98 (SY

2,2' ,4'-trichloroacetophenone 93(n

1-(4-bromophenyl)-4-chlorobutyro- 98 (Sf gad

phenone

a7Det ermned by capillary GC analysis of [nJ]-(+)-ci-methioxy-c-(trifluoromethyl)-

plienylacetate. b Determined by conversion to the epoxide and measuring the rotation.

OBy analogy to the reduction of acetophenone and propiopherione. 'IBy analogy to the

cyci ization of 2-chloroacetophenone.

B~ased on the above results we have developed a highly enantioselective synthesis Of the
clinically important anti-depressants, (-)Tomoxetine, Fluoxetine (Prozac, Eli Lilly), and
Nisoxetine (Scheme 1).



Schem I

a I c.b

1 2

Id e Idf

13 CF ~ ~ O~3 OalC113 cr, at 3

ci c ci lC

3 4 5 6 7 a
fq~h Igh Ig'h fg.h jg.h f9.h

Ofi 3 cr -- !tev a3  a013 CF3 0(01

II&mle HIl IngleIlgft 111

910 - 1 1213+)Fuete14+IOe -
(+)Tomoxetine (-)-Fluoxetine (4)-ifisoxetine (#)-Tonmoxetlne ()Fuxtn'()NS~t:

hydrochloride hydrochloride hydrochloride hydrochloride hydrochloride hydrochic ide
a: i pc2BCl (the symbol d refers to the reagent derived from (4)-a-pinene. b: Recrystallization. c: t lpc28Cl (the

symbol t refers to the reagent derived from (+)o-pinene). d: o-Cresol, DEAD, Ph3 P. e: r'ata-trifiuoromethylcresol, DEAD.

Ph 3P. f: Gualacol. DE~AD. Ph 3P. 9: Aqueous lie112, [toll. h: Itlmerel ON(.

The key step in this synthesis was the asymmetric reduction" of 3-chioropropiophenone

with either dlpc2BCl or llpc2BCl ( the superscript "I" indicates that the reagent is derived from (+)

a-pinene) to furnish 1-chloro-3-phenyl-3-propanol in > 97% ee. Recrystallization of the latter

afforded the optically pure compound which was transforned to the propylamine anti-depressant as

shown in Scheme 1. Another salient feature of this synthesis is that it correlated for the first time

the absolute configuration of the enantiomers of Nisoxetine with their signs of rotation. Confusion

had existed in the literature on this point prior to our work.

We have also systematically investigated tile effect oil enantioselectivity of substituting an

achiral alkyl group for one lpc moiety.

/R

- 0C

R= Me, Et, i-Pr, t-llu, Thx.

The reduction of two representative ketones was investigatedl: ncetophenone and isopropyl

methyl ketone (Table 10).



Table 10. Reduction of Acetophenone and Methyl Isopropyl Ketone with Monoiso-

pinocamnpheylalkylhaloboranes, I pcRBX, in Ethyl Ether

time temp % ee and abs. config. % ee and abs.a
of l-phenyl-l- config. of 3-

R X h 0.C ethanol inethyl-2-butanol

Me Cl 12 -25 15, , 48, s

Et Cl 12 -25 33,sq 36 s

i-Pr Cl 12 -25 81, S 25, S5

i-Pr Br 12 -25 85,

t-BU Cl 12 0 93, Rn

48 -25 95, 1? 44, s

t-Bu Br 24 -25 85, 1?

Thx Cl 96 25 83, R 18, .

a Determined by capillary GC of the corresponding (+)-MIPA esters.

A consistant increase in optical induction (in the case of acetophienone) was observed with

increasing steric requirements of the alkyl group. Particularly intriguing was the almost complete

reversal of the absolute mode of reduction of acetophenone with dipcQ 13u)BCI (95% cc, R) as

compared with dlPc2 BCl (97% ec, S). This prompted us to investigate the asymmetric reducing
capacity of dlpc(t-Bu)BCI in greater detail with a wider selection of ketones (Table 11).

R 0111 I
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Tal 1 Reduction of Representative Ketones with dlpc(t-Bu)BCI

% ee and abs.
time %ee' config. of

ketone solvent, temp, OC 1 abs. config. ketone5s reduced
with dIpc 2BCl t

EE, -25 12 44, '32,

neat, 25 24 34, ,'98,

0 0~ EE or TIIF, -25 48 95,1? 98,

0f I TIIF, 25 168' 96, it, 92,
N 0

Cl

!,EE, -25 24 98, R' 95, s
0

'~IIji ~T1IF, -25 1 91,
0 0

0 ~ T11F, -25 1 no reaction

0

0 EE, -25 24 85, 1? 14, s7

0

0EE or TiIF, -2S 24 46, 1?36, s

EE or T11F, 25 5 21, 21,

"Reactions were run at 0.5 AM in the given solvent. bTwo equiv of the reagents were
used. ODeternlined by capillary GC of the correspondingj (f)-MTPA esters.

's I , If CW W
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Aromatic ketones, haloaralkylketones and (1-ketoesters are reduced by fpc(t-13u)BCI with

excellent transfer of stereogenicity. Of particular consquence is the reduction of trans-4-phenyl-3-

buten-2-one (85% ee). In general a43-unsaturated system have not fared well with asymmetric

reducing reagents.
Our success with Ipc(t-Bu)BCI prompted uts to investigate the utility Of Ipc2BCI in the

asymmetric reduction of a43p-unsaturated ketones (Table 12).

Table 12. Reduction of ci4P-Unsaturated Ketones with I B in THF at -250C
________________________________________!p 2B~

ketone % ee abs. cont 1g.

64 S

73 []

0

,. I85 S

0

0 - i- 77 S

0

88 (S]"

0

H 3C ,' P 88s

aBy analogy to the reduction of the other cotipounds in the series.

These results are most encouraging. ilie J-Iodo-allylic alcohols ifi particular are important
intermediates in the synthesis of prostaglandines. We plan to continute our systemnatic investigation
of the reduction of enones with other chiral reducing reagents, in particuilar fpcQt-Bu)BCI.

6r3



The pinany moiety has served well as a chiral director in the asymmetric reductions of the

carbonyl group. But not all carbonyl groups are reduced in high e. In an effort to increase still

further the number of keto groups that can be chirally reduced in high ee we began a systematic

investigation of modified pinanyl nucleus as chiral directors.
R

... )2BCI

R= Et, i-Pr, t-1u, Ph

The first compound we prepared in this series, ethylapopiniiylchloroborane (R=Et),
Ea0 2 BCI, has proven to be a particularly rewarding reagent (Table 13). With this reagent we have

achieved complete transfer of stereogencity for many classes of ketones (Table 13), specifically,

secondary-aliphatic, dialkylaliphatic, aralkylketone, and haloaralkylketones.

Several other asymmetric reducing agents based on ethylapopinene, such as tEapine-9-BBN and

lithium tEapine-9-BBNti, have shown some promise in chiral reductions (Table 13).

I
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Table 13. Reduction of Representative Ketones with Eapine-9-BBN, Lithium

IEapine-9-BBNa Borohydride, Dieapine Chloroboranecl

Lithium Eapine-9-IMNII -25C
ZEapine-g-8BN Sorohydride 1ieapinechloroborenef

Ketone % ee, abs. config. % ee, abs. config. 1 ee, abs. conflg.

0
N~'..37.4, 3 64, S 100. S

0
70, -

3, R 7.2, S 100, s

78, R 56, $ 100, S

95.8, R 2. 8 100, S

72.1, 8 47.7, R 100, S

90e0 90, - 70, R

OU - no reduction

0

8O, S

0

33, R 1,4-addition 74, s

rcCI
89, R 5.2, .S 33, R

athe superscript "t" denotes that the ethylapopinanyl group Is derived from (.-)-nopol. b The superscript

that the plnanyl group Is derived from (M)-a-pinene.

. .. ~ ...... ,-j ,, ,V( ,vlV -¢''.,% ",v"%% ,'€ % '' o
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The preparation of other compounds in this series and related reagents is in

progress. We have also developed the synthesis of a series of hindered unsymmetrical

halodialkylboranes. Among these, the reagent NopOBnzB(t-Bu)CI provided highly

promising results in the reduction of representative ketones.

Ij Cl O-' 0nz
7 1 1 B-Cl

NopOBnzB(t-Bu)Cl
The results are as shown below.

0 0 0 0

89.7% ee, [R] 79% ee, [s] 96.2% ee, (R] 88% ee, [s]

0

67% ee 402 ee. [R]

Particularly noteworthy here is the high levels of ee obtained in the reduction of aliphatic ketones,
i. e., isoproply methyl ketone (- 90% ce) and cyclohexyl methyl ketone (-96% ee), amongst the

highest values reported in the literature.

3. A Comparative Rate Study of the Elimination of Alkenes from
Dialkylhaloboranes.

Our success with lpc2BCl as a chiral reducing agent prompted us to explore in considerable
detail the elimination of alkenes in the reaction of dialkylhaloboranes with benzaldehyde (eq 5).

OBn

R2 BX + PhCIO -alkene- RB -alkene- (BO)2BX (5)

We found that, not unexpectedly, dialkylhaloboranes reduce benzaldehyde at a rate much
faster than that of trialkylboranes. Whereas lpc2BCI reduces 2 equiv of benzaldehyde at room
temperature almost instantaneously the related trialkylborane, Ilpc2B-n-hexane requires - 6 days.
Sia2BCI, (2-MeCpn) 2BC, lpc23Cl and Ipc2BBr also reduce benzaldehyde rapidly, but (2-
MeChx)2BCI reacts more slowly (Table 14).

"I'
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Tabl~e 14. Reaction of Dialkyihaloboranes and Trialkylboranes with Benzaldehyde

at 25*C

time for elimination of I time for eliminatio
reagent NOWv equiv of uikene, mmi 2 equiv of aikono, nu

tPC21BCI (I) T1IIF <1 <1
tpcB-n-lfez (3) 11IEF <1 8640
lpctB-exo-Nb (4) 1111F 16 1290
SiSIBCI (15) CI1130, <1 270
2-MeChxBCI (6) TIF 1.120I'
2.MeCpn2 BCi (7) TI <1 300
Car3 BCI (6) TIEF <1 16
Car'AD-n-ltex (3) TIIIF <1 10080
IPCIBBr (IS) ill? <1 46

A second mole of 1-mmethytyclohezene was not eliminated. even on r ofluxing its cl 2C112 for several hours.

These results are consistent with a cyclic boat-like tranisition state.

113CS

Transition-state mnodel for the reduiction of benz-

alciehyde with SI@2BCI.

The present study has given us leads for future modifications of chiral boron reagents.

Hopefully our insight into the nature of both electronic and steric factors will be expressed by new

and even better chiral reducing reagents in the future.

4. Rate and Sloichiometry in (lie Reduction orl Inines and D)erivatives with Boron

hlydride Reagents.

Sporadic and conflicting reports on thie reduction of azometllines (imines) and their

derivatives by hydride reagents has prompted us to undertake a systematic and detailed study of the

reduction of these fuinctional grouips (eq 6).

C= N - R+ Ml -C C-NIIR (6)

To broaden our understanding of this important chemical tansrorniation, we have selected

to investigate representative imine derivatives, aliphatic and aromatic, with a select list of acidic and

nucleophilic boron hydride reducing agents, such as born neIIFl (B"- 3 .TIIF), 9-

boirabicyclo[3.3.lI nonane (9-IIBN), lithium horohydride (LiH1-14). and lithium

tiethylborohydride (LiEt3BII). ilie results are summerized in Table 15.
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Table 15. Reduction of Oxinie and Inine Derivatives with Boron Hydride Reagents

in THF at 25%C~

No substrate/reagent Rif13 9-BBN 118114 LiEt 3BH

1 PhiC=CNOI

C'3
2 PJ=~CNOC11I3  4--

4' PhCCN + + --

(j3
4 PhC=CNOBCOCH-++-

C113

3 

a
6 PhC=CNPOPh 2  + + + +4+ + +

1 11 3
7 PhC=CNS 2 CH 3  ++ + + + +

8 PhC=CCH 2 Ph +~ +4 + +

9 8 NOff

10 ~NOCH 3
--

11 
I--

NOCIH Ph
12 1 + -

13

IIOCOCH 3
14 

++ 4 ++ "

''NPOM1
2

15 f NS21 + +4 44

+ Reduction to the inline in %x 24 h. ++ Reduction is rapid and complete in <1 h
at 25t'C. - Slow and partial reduction. -- No reduction. ('The reduction is fast,
but stops at 50% conversion.

oil
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We have found that the imine derivatives generally undergo facile reduction at a rate faster than that
of oxime derivatives. For instance, compounds 6. 7. 8. 1 and 15 (Table 15) are reduced by most

of there reagents in about 10 miii at 250C. However, imines 7 and 15 (Table 15) need 24 h for
reduction with 1311 3 1111 and compound L is reduced with LiEt131l inl only 50% conversion. S
This may be due to a facile lithiation of the imine by the newly found lithium amnide. (eq 7).

CI 13

C11, C113  Li ( N -H 2 Ph

C= N- C' 2Ph + LiEt3jBI 1ICN -10-P Ph (7)

/IC /12hN
Ph Ph

Ph -m H~

A particularly promising activated imine derivative appears to he the N-sulfonylimines. We

have disconered that these derivatives are rapidly reduced by niicleopliilic hydride reducing k

reagents (1i,03131) at low termperatures (-78 0C) (eq 8).

CI 13 (C11.3

-78 C I
C - NS 4 CII3  + Li-t 3 13I - -o [IC NIISO2C[13  (8)

IlIF
Ph I

Ph

Since the N-sulfonylamines can be cleaved by inter alia, sodium niplithalemide, to the free amine,
we have in essence developed a convenient two-step procedure for the synthesis of amines (eq 9)

JJCCHNISO

98% overall
Fast reduction at low temperatures, and subsequent facile cleavage to the free amine, make

N-sulfonylimines attractive candidates for asymmetric reduct ion. We have initiated studies in that
direction. For instance, (K-Glucoride and NB3-Enantride reduce compound 15 (Table 15) in 3 min

and 10 min respectively at -780 C (eq 10).
K- Glucoride, 3 min -78 C .-

NSO2 I 13 NB- Eiiattride, 10 mii, -78' C NI? S02 C11 3  (V0

Further work on the asymmetric reduction of this class of activated imines is in progress.
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